Cold-inducible RNA-binding protein (CIRP) is a cold-shock protein which can be induced after exposure to a moderate cold-shock in different species ranging from amphibians to humans. Expression of CIRP can also be regulated by hypoxia, UV radiation, glucose deprivation, heat stress and H 2 O 2 , suggesting that CIRP is a general stress-response protein. In response to stress, CIRP can migrate from the nucleus to the cytoplasm and regulate mRNA stability through its binding site on the 3 -UTR of its targeted mRNAs. Through the regulation of its targets, CIRP has been implicated in multiple cellular process such as cell proliferation, cell survival, circadian modulation, telomere maintenance and tumor formation and progression. In addition, CIRP can also exert its functions by directly interacting with intracellular signaling proteins. Moreover, CIRP can be secreted out of cells. Extracellular CIRP functions as a damage-associated molecular pattern to promote inflammatory responses and plays an important role in both acute and chronic inflammatory diseases. Here, we summarize novel findings of CIRP investigation and hope to provide insights into the role of CIRP in cell biology and diseases.
of CIRP is controlled by its C-terminal domain and is regulated by methylation [6, 7] . Such a shift in the subcellular localization of CIRP might indicate a changing role of the protein over time. This review discusses the regulation, and physiological and pathological roles of CIRP as well the underlying mechanisms of processes in which CIRP is involved.
The regulation of CIRP in response to stimulation
Factors regulating CIRP expression CIRP upregulation is consistently observed in various organs upon mild hypothermia or cold stress in different species from amphibians to humans [8] , which may be involved in adaptation in response to cold stress, suggesting that CIRP is a conserved cold stress protein among different species. In addition, CIRP is also upregulated upon UV radiation, mild hypoxia and glucose deprivation, but is decreased in response to heat stress and inflammatory cytokines including TNF-α and TGF-β [9] , suggesting that CIRP is a more general stress responsive protein ( Figure 2 ). Although, CIRP is upregulated upon mild hypoxia, chronic hypoxia has been reported to depress CIRP expression [10] . The influence of H 2 O 2 on CIRP expression is controversial with some studies showing downregulation and others showing no change [3, 11, 6] . Activation of GSK3β can also increase the mRNA level of CIRP [12] . CIRP upregulation can also be regulated by IGF1 [13] . It should be noted that CIRP homologs in different species may have responded differently. For example, the transcription of the CIRP homolog in salmon can be upregulated by osmotic stress, but not by cold stress [14] . Various homologs of CIRP in Xenopus cells have been identified, including xCIRP, xCIRP-1 and xCIRP-2. Cold stress can upregulate xCIRP and xCIRP 2, but not xCIRP-1 [7, 15, 16] . Collectively, these results suggest that CIRP is a general stress protein and variation exists in its response between species. The cellular response of intracellular CIRP and its role upon stress. CIRP transcription and expression can be affected either upregulated or downregulated in response to various stress. CIRP is predominantly localized in the nucleus but can migrate to cytoplasm upon stress condition, and acts as an RNA chaperone regulating mRNA stability through its binding signature site in the 3 -UTR of its targets, which includes genes involved in DNA repair (ATR, RPA2), cellular redox metabolism (thiroredoxin), adhesion molecules (αE/β-catenin, C/E-cadherin), circadian mRNA (clock), reproduction-related genes in testis and TERT, response to hypoxia (HIF-1α), general translational machinery (eIF3H, eEF1A1, eIF4E-Bp1, eIF5A, and eIF4G3), and cardiac repolarization (α-subunits of I to ). In addition, CIRP can also be secreted into extracellular space through lysosome pathway upon stimulation by LPS or hypoxia/reoxygenation. HIF-1α; Hypoxia-inducible factor 1α; TERT: Telomerase component.
Mechanism of how CIRP is regulated Three major CIRP transcripts with different transcriptional start sites, differing mainly in the size of their 5 -UTRs, have been identified with the levels of each of these transcripts being regulated by cold stress [17] . One transcript has the shortest 5 -UTR and is expressed at 37
• C. The other two transcripts are expressed at 32
• C, harbor larger 5 -UTRs and have shown internal ribosome entry segment-like activity, which allows mRNA to continue to be efficiently translated under stress when cap-dependent translation is diminished [17] . A further study identified an enhancer in the 5 flanking region of the CIRP gene, which is termed mild cold responsive element that can be bound by transcriptional factor Specificicity protein 1 (Sp1) to activate gene transcription during mild hypothermia [18] . Upon mild hypothermia, Sp1 can be induced and accumulated in the nucleus to bind to the CIRP regulatory region containing mild cold responsive element. Overexpression of Sp1 can increase expression of CIRP, while downregulation of Sp1 has the opposite effect [18] . Sp1 is a general transcription factor which binds to and acts through GC-rich elements such as GC boxes, and is involved in the expression of many genes [19] . As Sp1 can also be induced by hypoxia [20] , it is possible that hypoxia-induced CIRP transcription may also be mediated by Sp1. Whether or not Sp1 is expressed upon oxidative stress is controversial. Sp1 expression and activity have been reported to be suppressed or promoted in response to hydrogen peroxide treatment [21, 22] . Further study found that splicing efficiency, which defined as the fraction of CIRP pre-mRNA processed into mature mRNA is involved in controlling CIRP expression in response to temperature fluctuations [23] . Gotic et al. demonstrated that although the steady-state levels of the mature CIRP mRNA increased significantly in response to mild cold exposure, the level of CIRP pre-mRNA did not change, and neither did the RNA polymerase II occupancy on the CIRP promoter or gene body, which argues against a transcriptional response [23] . Taken together, these results suggest that the regulation of CIRP expression in response to stress may be coordinated at multiple levels such as transcriptional activation, alternative splicing and splicing efficiency, either independently or collaboratively. More recently, a study using hypothermia-treated cells suggested a role of intracellular Ca 2+ levels in regulating CIRP expression in response to cold stress [24] , suggesting that intracellular calcium signaling may be involved in CIRP regulation.
Factors regulating CIRP translocation
In addition to being regulated at transcriptional and protein levels, subcellular translocation of CIRP from the nucleus to cytoplasm is also observed under various stress conditions and shows stress-specific regulation (Figure 2) . Specifically, upon cytoplasmic stress including oxidative stress, ER stress, osmotic shock and heat shock, CIRP can be methylated and migrates from the nucleus to stress granules (SGs), a kind of RNA granules [25] , that are cytoplasmic foci in which untranslated mRNA can be sequestered [6] , arguing for a general role of CIRP in SG physiology. However, cold shock markedly induces CIRP synthesis in various cell types but fails to induce the accumulation of CIRP in SGs [6] . UV irradiation, which also induces SGs, promotes CIRP nuclear export without further assembly into SGs [6] . These observations reveal the variability of CIRP expression and localization in response to different types of stress, the potentially different roles CIRP might play in response to various stressors, and the diverse mechanisms by which CIRP is regulated.
Post-translational modification of CIRP has been shown to regulate its cellular localization as well as its RNA binding activity. Methylation of CIRP is required for its cytoplasmic translocation, as cytoplasmic translocation of CIRP can be inhibited by a methyltransferase inhibitor or enhanced by overexpression of methyltransferase [6, 7] . Phosphorylation of CIRP by GSK3β and CK2 could also affect its cellular localization, as pretreatment of cells with either CK2 inhibitors or GSK3β inhibitors prior to UV exposure is sufficient to significantly reduce CIRP translocation to the cytosol, with the effects of CK2 inhibitor being more pronounced [26] . These results suggest that both methylation and phosphorylation of CIRP may be required for CIRP cytoplasmic translocation upon stress.
In addition to regulating its cellular distribution, phosphorylation of CIRP has also been involved in regulating its activity. Although, CK2 seems to be the predominant kinase involved in CIRP translocation, it does not affect its RNA-binding activity [27] , while phosphorylation of CIRP by GSK3β increases its transcript binding efficiency twofold [27] . It seems that both CK2 sites and GS3Kβ sites on CIRP may have overlapping role in regulating CIRP cytoplasmic translocation, but only GSK3β sites are involved in the RNA-binding activity of CIRP, in response to UV radiation. Because hypoxia can also induce GSK3β and CK2 [28, 29] , it seems likely that under hypoxic conditions, CIRP may be phosphorylated by GSK3β and CK2 and then translocated to the cytosol.
The RNA-dependent function of CIRP: a cell autonomous function
RNA exerts its function through its RNA-binding activity CIRP exerts its function by preferentially targeting translation of specific mRNA transcripts harboring its RNA signature motif in response to cellular stress ( Figure 2 ). In the cytosol, CIRP binds to the 3 -untranslated region (3 -UTR) of RNA transcripts on ribosomal fractions and increases the mRNA stability, consequently enhancing translation [26, 27, 30, 31] . Later, the CIRP-binding motif in the 3 -UTR of CIRP mRNA targets is identified, which consists of a 51-nucleotide RNA motif [26] . The 3 -UTR binding sites of CIRP are enriched within 100 nucleotides upstream of the polyadenylation sites [32] . Further study validated that UU and UUU are the possible core recognition sequences of CIRP [31] . As the binding of CIRP to mRNA is mediated in part through the RRM, the x-ray crystal structure for the RRM of CIRP was reported recently and four residues were identified as being likely involved in protein-nucleic acid interactions, which may help to serve as a foundation for biophysical studies of this RNA-binding protein and structure-based drug-design efforts for targeting CIRP in pathological conditions, where CIRP levels are elevated and contribute to disease progression [33] .
Currently, CIRP has been demonstrated to positively and post-transcriptionally regulate genes involved in DNA repair [34, 26, 30] , cellular redox metabolism [27] , adhesion molecules [35] , circadian mRNAs [36] , reproduction-related genes in testis [31] , telomerase components [37] , HIF-1α [38] and a number of transcripts associated with the general translational machinery [38] . In addition to the positive post-transcriptional regulation, a negative role of CIRP in translation has also been reported. Upon stress, CIRP migrates from the nucleus to cytoplasmic SGs and acts as a translational repressor in Cos, Hela, NIH3T3 and 293T cells [6] . It was also demonstrated that CIRP could post-transcriptionally and negatively modulate expression of the α-subunits of I to channels in cardiomyocytes, affecting cardiac repolarization [39] .
CIRP may regulate mRNA stability by inhibiting deadenylation of its target mRNAs, maintaining elongation of poly(A) tail length, and subsequently translational activity [40] . CIRP from both mammalian and Xenopus cells has been demonstrated to be associated with human antigen R (HuR), which can positively regulate the stability and translation of mRNAs by interacting with AU-rich element, that are located in the 3 -UTR of many mRNAs [41, 40, 42] . In addition, CIRP can also enhance HuR expression and its activity [40, 42] . These results suggest an important role of HuR in mediating the translational regulation of CIRP. Furthermore, CIRP may regulate translation of its targets at the initiation phase. CIRP can associate with low molecular weight polysomes and interact with eIF4G [27] , suggesting that CIRP can bridge its targeted transcripts to the general translational machinery through interactions with eIF4G [27] . Besides, its role in regulation mRNA translation and stability control in the cytoplasm, nuclear CIRP has also been reported to be implicated in post-transcriptional regulation of its targets by controlling alternative polyadenylation, which is an important mechanism in the post-transcriptional regulation that generates mRNA with alternative 3 ends [32] . Collectively, these results suggest a multiple role of CIRP in control post-transcriptional regulation either by controlling alternative polyadenylation of its target or regulating mRNA stability or accelerating translational initiation.
The potential targets of CIRP revealed by multiple high-thoughput screening methods In vitro RNA-protein interactions in a nunc-immuno tubes assay show that a large proportion of isolated mRNAs from cells exposed to UV radiation, which can bind with recombinant CIRP, are stress activated [30] . Further studies exploring the molecular mechanism of CIRP by using genome-wide expression microarrays in CIRP knockdown cells and pathway analyses of differentially expressed genes in CIRP-deficient cells and control cells showed five enriched pathways, namely, focal adhesion, MAPK, Wnt, apoptosis and cancer-related signaling pathways, which may be the central pathway networks regulated by CIRP [43] . An RNA-binding protein immunoprecipitation assay in mouse testis revealed that most of the CIRP mRNA targets are associated with translation regulator activity, antioxidant activity, envelopment and reproduction, and that mRNAs bound to CIRP increase their stability [31] . Through the UniGene database, it was found that the CIRP RNA binding signature motif could be located in the 3 -UTRs of transcripts associated with proliferation, survival and invasion [26, 38] . Gene ontology analyses of CIRPinteracting and -regulated transcripts unveiled an enrichment in functions related to cell-cycle progression and adhesion [36] . By immunoprecipitation and RT-PCR, a panel of adhesion molecules including αE-and β-catenin, C-and E-cadherin and paraxial proto-cadherin has been identified as the targets of CIRP in Xenopus [35] . These results suggest broad targets and multiple roles of CIRP in cell biology.
Role of CIRP in regulating spermatogenesis
In the mouse testis, CIRP is constitutively expressed in the germ cells and the level varies depending on the stage of differentiation [44] . CIRP is expressed in primary spermatocytes, secondary spermatocytes and round spermatids, but is not expressed in spermatogonia, elongating spermatids, Sertoli cells or Leydig cells [44] . These results suggest that CIRP may have a role in spermatogenesis. However, CIRP −/− mice are viable, reproductive and fertile and display no obvious phenotype under normal laboratory conditions [7, 45] . Interestingly, CIRP-deficient mice showed a reduction in the number of undifferentiated spermatogonia, and the rate of recovery of spermatogenesis was affected when they were exposed to a cytotoxic agent, compared with wild-type mice [45] . These results suggest a nonessential but a growth-stimulatory role of CIRP in spermatogenesis. A mechanistic study found that CIRP can accelerate cell-cycle progression by binding to Dyrk1b and preventing it from phosphorylating both p27 and cyclin D1, leading to p27 destabilization and cyclinD1 stabilization at the protein level, which are required for effective progression of the cell cycle to S phase [45] . These results suggest a role of CIRP not limited to regulating mRNA stability.
Role of CIRP in regulating circadian rhythm CIRP may have a role in regulating circadian rhythm in amphibians and mammals, as circadian expression of CIRP was observed in the brains of both Xenopus laevis [4] and mice [46] . Expression of brain CIRP is also affected by sleep state, with increased expression in the rested state, and downregulation in the sleep-deprived state [47] . Further mechanistic studies found that the rhythmic expression of CIRP is controlled by body temperature cycles and CIRP is required for high-amplitude circadian gene expression in vitro [36] . CIRP can directly interact with many of the circadian mRNAs, including clock, and the loss of CIRP reduces the amount of cytoplasmic Clock mRNA and protein throughout the day, and mimics the effects observed in Clock depletion, with a decrease in mRNA of many core circadian components including Clock, Ncor1, Per2, Per3 and Dbp [36] . These results suggest that CIRP can enhance the amplitude of circadian oscillators by increasing the cytoplasmic accumulation of mRNAs encoding clock and perhaps, other regulators relevant for the circadian timing system, such as RORα, NCOR1, SIRT1 and PER3 [36] .
Subsequent studies further suggest CIRP as an important mediator in regulating circadian rhythm by controlling circadian gene expression in response to environmental factors. CIRP may be responsible for ketogenic diet or fasting-induced robustness of peripheral oscillators in the liver in vivo, as liver CIRP expression was increased and associated with enhanced magnitude and amplitude of circadian gene expression [48] . In addition, CIRP has also been demonstrated to mediate the downregulation of clock genes induced by inflammatory cytokines such as TNF-α and TGF-β [9] . TNF-α and TGF-β could impair the expression of CIRP, while IL-1β, IL-6, IFN-α and IFN-γ do not exert such effects. Depletion of CIRP is found to increase the susceptibility of cells to TNF-α-mediated inhibition of high amplitude expression of clock gene expression [9] . Upregulation of CIRP is also found to be associated with circadian reprogramming and cancer inhibition induced by meal timing, compared with that in mice fed ad libitum, suggesting that CIRP may be a putative candidate to integrate circadian restrains into tumor growth [49] . Taken together, these results indicate that CIRP may act as a nodal signal connecting environmental signal to circadian regulation.
Role of CIRP in regulating proliferation & differentiation CIRP upregulation has been reported to be involved in cold-induced growth suppression of mouse fibroblasts NIH/3T3 cell line by prolongation of G1 phase [1] . CIRP expression intensity in glandular cells of human endometrium, is inversely proportional to its proliferative activity during the menstrual cycles [50] . Overexpression of CIRP in the mammary epithelium was reported to suppress proliferation of mammary glands during the lactational switch (the transition from pregnancy to lactation) in mammary glands [51] . Collectively, these results suggest a negative role of CIRP in cell proliferation.
By contrast, CIRP can accelerate cell-cycle progression from G0 to G1 as well as from G1 to S phase in cultured mouse embryonic fibroblasts and spermatogonial cell line [45] . Overexpression of CIRP also enhance cell proliferation in the mammalian kidney cells [43] . Decreased CIRP was also reported to mediate proliferation inhibition induced by severe hypoxia in neural stem cells, which can be restored by forced expression of CIRP [52] . These results suggested a positive regulatory role of CIRP in cell growth. However, overexpression of CIRP has no effects on cell growth in recombinant Chinese hamster ovary cells [53, 54] and human colorectal carcinoma RKO cells [30] . Taken together, these results suggest that the role of CIRP on cell growth may be cell-type dependent, and further studies are needed to elucidate the vastly differing outcomes of CIRP underlying cell proliferation.
In addition to being involved in cell growth, CIRP also plays a role in cell differentiation in Xenopus. Three CIRP isoforms has been identified in Xenopus cells including xCIRP, xCIRP1 and xCIRP2. xCIRP and xCIRP1 mRNA is to 98% identical resulting in proteins of 99.4% identity and xCIRP protein is to 94% identical to xCIRP2, implicating that these isoforms derived from different alleles of pseudotetraploid in Xenopus [55] . xCIRP is highly expressed at a particular stage of pronephros formation at an early developmental stage of Xenopus embryo, with its function unrevealed [56] . xCIRP1 plays keys role in the differentiation and morphogenesis during early development of Xenopus laevis, as microinjection of antisence RNA targeting xCIRP1 into Xenopus embryos produces tailbuds with deformation of brain and internal organs [7, 15] . xCIRP2 is a major cytoplasmic protein in Xenopus oocytes, which can bind to mRNA and associate with ribosomes, suggesting a possible role involved in translational regulation through the modulation of ribosomal function [16] . These results suggest that CIRP plays key roles in differentiation and morphogenesis during early development in Xenopus.
Role of CIRP in regulating cell survival & apoptosis
Accumulating studies showed a protective role of CIRP in regulating cell survival and cell apoptosis against harmful stress in various kinds of cells including germ cells, neural cells, cardiac cells and stem cells. Induction and cytoplasmic translocation of CIRP plays a protective role against genotoxic stress upon UV radiation, by stabilizing specific transcripts involved in cell survival [30] . CIRP is also demonstrated to be a regulator of p53-dependent apoptosis pathway induced by DNA damage, in which overexpression of CIRP can downregulate p53, while knockdown of CIRP exacerbates p53 expression in response to DNA damage [57] . Downregulation of CIRP increases germ cell apoptosis, and is associated with heat stress-induced germ cell apoptosis [58, 59] , contributes to chronic hypoxia-induced neuron apoptosis [10] , and promotes ischemia-induced cell apoptosis in cardiac cells in vitro [60] , while overexpression of CIRP protects testes damage and cell apoptosis induced by cryptorchidism or ischemia/reperfusion [61, 62] , reduces ischemia-induced cardiac cell apoptosis in vitro [10] , and bypasses replicative senescence in primary cells [63] . In addition, hypothermia-induced CIRP protects cell apoptosis in TNF-α-treated BALB/3T3 cells [64] , contributes to the preservation of the stemness of neural stem cells [65] , prevents cell apoptosis upon EGF deprivation [65] , and inhibits cell apoptosis in primary rat cortical neurons in response to H 2 O 2 treatment [66] or long-term cell culture in vitro [67] . CIRP induction upon therapeutic hypothermia was also reported to improve neurological outcomes, and inhibited mitochondrial apoptosis in the cardiac arrest rat model [68] and in traumatic brain in vivo [69] . Taken together, these studies demonstrated a critical role of CIRP in regulating cell survival and protecting against cell apoptosis.
Role of CIRP in telomere maintenance
Mammalian telomeres are essential terminal structures for maintaining genome integrity and stability. Telomeres are elongated and maintained by the telomerase. The mammalian telomerase core complex consists of the catalytic subunit TERT and the RNA component TERC, where the TERC RNA serves as a template for TERT-mediated telomere elongation. Recently, CIRP was identified as a new telomerase regulator and played a crucial role in telomere maintenance [37] . CIRP is identified as a telomerase-interacting factor through immunoprecipitations coupled with mass spectrometry and CIRP is necessary to maintain telomerase activity at both 32 and 37
• C. Inhibition of CIRP by CRI surface plasmon resonance-Cas9 or siRNA knockdown led to reduced telomerase activity and shortened telomere length [37] . CIRP associates with the active telomerase complex through direct binding of TERC and regulates localization of the telomerase in Cajal body, where telomerase assembly and TERC maturation take place. Furthermore, CIRP regulates the level of TERT mRNAs, by which TERT is upregulated at lower temperature, to compensate for reduced telomerase activities [37] . TERT expression and telomerase activities are low or undetectable in most human somatic cells. However, telomerase activation is evident in ≥85% of cancers [70] , suggesting that upregulation of TERT expression and telomerase activation is a key step in cancer development. Therefore, studies on the control of telomerase expression and activity are crucial to our understanding of the pathways that lead to cellular transformation and carcinogenesis. The identification of CIRP as a telomerase and telomere regulator provides new avenues to explore previously unknown mechanisms of telomerase control and telomere maintenance.
Role of CIRP in tumorigenesis & malignant transformation
Changes of CIRP expression are observed in various cancer tissues. CIRP is upregulated in a subgroup of patients with solid cancers including colon cancer, prostate cancers, central nervous system-related tumors and liverpancreas carcinomas, in which, CIRP is expressed mainly in the cytoplasm [63] , suggesting that CIRP upregulation and translocation may have biological significance in human tumors. The cytoplasmic translocation of CIRP is also observed in human squamous cell carcinoma [71] . The cytoplasmic localization of CIRP in tumors is consistent with the fact that most solid tumors develop hypoxic regions, and CIRP translocates to the cytosol in response to hypoxia [26, 72] . Later, the general characteristically upregulation of CIRP in tumors is further conformed by Chang et al., who found that CIRP is overexpressed in 40-60% of malignant tissues such as human melanoma, prostate, breast and colon cancers, compared with normal adjacent tissue [38] . Interestingly, in two mouse xenograft models including melanoma and breast cancer, downregulation of CIRP decreased tumor growth, proliferation, invasion and migration, which was associated with decreased protein translation of selected transcripts that are implicated in angiogenesis and translation machinery [38] . These results suggest an important and universal role of CIRP in the development of tumor progression. In addition to being present intracellularly, CIRP is also present in the stroma of several cancer tissues [38] , suggesting that under certain conditions CIRP may be secreted and could potentially contribute to maintain cancer progression and/or propagation, which remains to be determined. On the contrary, expression of CIRP is reported to be markedly reduced in most of human endometrial carcinomas [50] , which may need further confirmation because of the generally upregulation character of CIRP in cancer.
Clinical correlation studies indicate that CIRP may have the potential to be a prognostic biomarker for cancer progression. High level of CIRP in human oral squamous cell carcinoma is associated with a short survival rate [73] . CIRP expression level is also positively associated the invasive ability of pituitary adenoma in human [74] . An integrated analysis of serum autoantibody expression profiling in patients with breast cancer, found that serum autoantibody targeting CIRP was significantly increased in patients with breast carcinoma and its change can be used as a prognostic biomarker for cancer progression [75] . Although, the prognostic role for CIRP is suggested, more large sample size and different cancer types are needed to confirm this.
In vitro studies using various cancer cell lines also suggest that CIRP promotes cell proliferation and invasion in cancer cells. Elevated CIRP is observed in melanoma and nonmelanoma skin cancer cell lines, and confers resistance of keratinocytes to UVB-induced growth arrest and death [76] . CIRP upregulation promotes cell proliferation in pituitary corticotroph adenoma via ERK signaling pathway [77] . Overexpression of CIRP has been reported to promote epithelial-mesenchymal transition, a critical component of carcinoma metastasis and invasion [78] . On the other side, CIRP downregulation has been reported to be associated with effective chemotheraphy in prostate cancer cells [79, 80] , and associated with proliferation inhibition in Hela and TERA2 cells [63] . Collectively, these results strongly suggest an oncogenic role for CIRP in cancer progression.
As the upregulation of CIRP has been observed in a considerable number of cancers with capability of promoting cell proliferation, and can be induced in hypoxic conditions that are present in tumor environment, CIRP has been regarded as a new generation of proto-oncogene [81] .
RNA-independent function of CIRP: a noncell autonomous function
Role of CIRP in regulating inflammation & inflammation-related diseases CIRP plays a critical role in mediating inflammatory process. Knockdown of CIRP decreased the inflammatory cytokine IL-1β expression by inhibiting NF-κB signaling pathway in response to UV exposure or LPS stimulation [82] , suggesting that the function of CIRP may be involved in inflammatory process. Later, the protein level of CIRP is found to be increased in the serum and organs in systemic inflammation-related diseases such as sepsis and hemorrhagic shock in both human and animal models, and mice lacking CIRP or treated with a neutralizing antibody to CIRP, showed markedly improved survival after hemorrhagic shock and sepsis [83] . Mechanistic study found that, in response to hypoxia/reoxygenation stress or LPS stimulation, CIRP can be induced and translocate from nucleus to cytosol and then be released to extracellular space by lysosomal secretion in macrophages cells [83] . Recombinant mouse or human CIRP (rmCIRP or rhCIRP) can induce the release of proinflammatory cytokines including TNF-α and HMGB1 in a dose-and time-dependent manner from cultured macrophages cells, and in vivo administration of rmCIRP to healthy rats increased serum TNF-α, IL-6 and HMGB1 levels and induced liver injury, as assessed by increased levels of the organ injury markers [83] . Furthermore, CIRP-induced inflammatory response is dependent on TLR4, and in vitro surface plasmon resonance analysis validated the physical interaction between CIRP and TLR4-MD2 complex [83] . Taken together, these results demonstrated that extracellular CIRP is an endogenous proinflammatory mediator and damage-associated molecular pattern (DAMP) that triggers inflammatory responses during hemorrhagic shock and sepsis [83] .
In addition to triggering inflammatory cytokines expression in macrophage, extracellular CIRP is also reported to induce mitochondrial DNA (mtDNA) fragmentation and subsequent necroptosis in macrophage [84] . CIRP was found to be an important factor in the damaged tissue by trauma and could induce mtDNA fragmentation in various source of macrophages including alveolar macrophages, peritoneal macrophages and bone marrow-derived macrophages, through TLR4-MyD88-NADPH oxidase-ROS pathway, which in turn served as a major mediator for the induction of endonuclease G, an apoptotic DNase located in the mitochondrial intermembrane space, that directs mtDNA fragmentation [84] . Furthermore, the fragmented DNA can be released by necroptosis and worked as DAMP to promote inflammation in normal macrophages [84] . Collectively, these results suggested a versatile role of CIRP in regulating inflammation through macrophage.
The release of CIRP can also induce vascular endothelial cell (EC) injury by activating Nlrp3 inflammasome pathway, leading to EC pyroptosis [85] . Yang et al. reported that in primary mouse lung vascular ECs, rmCIRP can increase cell-surface adhesion molecules expression and activate NAD (P) H oxidase and induce EC pyroptosis by activating Nlrp3 inflammasome [85] . Furthermore, intravenous injection of rmCIRP in C57BL/6 mice causes lung injury, evidenced by vascular leakage, edema, increased leukocyte infiltration and cytokine production in the lung tissue [85] . These results suggest that the released CIRP in shock can directly activate ECs and induce EC pyroptosis to cause lung injury. Induction of endoplasmic reticulum stress is also reported to be involved in sepsis/CIRP release-induced acute lung injury, which can be blocked in TLR4 KO or CIRP KO mice [86] , suggesting that CIRP can regulate ER stress through TLR4 signaling pathway. In addition, the release of CIRP during sepsis is capable of initiating adaptive immune response by directly activating CD4 + and CD8 + T cells in TLR4-depentent manner in the spleen [87] . Later, the plasma level of CIRP of patients with sepsis is found to be significantly higher in the nonsurvivors than in the survivors, and independently predicts sepsis mortality [88] , suggesting that CIRP may be a potent predictor of sepsis prognosis in human. Taken together, these results suggest that CIRP is an important mediator in organ dysfunction during sepsis by amplifying inflammation in macrophage and damaging vascular EC in all organs. Interestingly, a very recent study reported that a synthetic oligopeptide, called C23, which derived from the human CIRP region (Ser110-Glu125) with the highest affinity to rhMD2 [83] , showed great potential against CIRP-induced phagocyte secretion of TNF-α, decreased activation of leukocytes and EC, and attenuated lung injury caused by hemorrhagic shock [89] . These results suggested a therapeutic potential of CIRP-targeting peptide in treating hemorrhagic shock. The extracellular role of CIRP is summarized in Figure 3 .
In addition to mediating acute systemic inflammatory condition, CIRP is also involved other kinds of inflammation-related diseases. CIRP is reported to be an important mediator in alcohol-induced brain inflammation, and in cerebral ischemia-induced neuroinflammation, both of which are inhibited in CIRP knockout mice [90, 91] . In cultured mouse microglia BV2 cells treated with either alcohol or hypoxia in vitro, CIRP can be induced, translocate and releases into culture medium, coupled with increased inflammatory cytokines expression and addition of recombinant murine CIRP directly induces TNF-α release from BV2 cells, which can be inhibited by neutralizing antisera to CIRP [90, 91] . In addition, CIRP is found to be increased in hepatic ischemia-reperfusion mouse model and acts as a potent inflammatory mediator in liver, and blocking CIRP with antisera protects against I/R-induced liver injury [92] . Similarly, deficiency or blockage of CIRP also resulted in less renal injury in renal ischemia-reperfusion mice model [93] . Increased CIRP expression is also observed in the serum and aneurysmal tissues of human abdominal aortic aneurysms (AAA) and elastase-induced AAA rat, which is associated with increased expression of matrix metalloproteinase (MMP)-2, MMP-9, TNF-α and macrophage accumulation [94] . Interestingly, chronic treatment with CIRP neutralizing antibody significantly suppressed the dilation of experimental AAA and inhibited macrophage accumulation and MMP-2/9 expression [94] . In RAW264.7 macrophage cell line, recombinant mouse CIRP (rmCIRP) can directly increase MMP-9 expression and promote cell migration [94] . These results demonstrated a central role of CIRP in the pathogenesis of AAA.
Recently, CIRP is found to be highly expressed in the bronchi in patients with chronic obstructive pulmonary diseases and in vitro study found that CIRP contributed to cold stimulation-induced expression of inflammatory cytokines and mucin in human airway epithelial cells by activating ERK and NF-κB signaling pathway [95, 96] suggesting that CIRP plays an important role in chronic airway inflammation diseases and mucus overproduction. In addition, CIRP concentration is also increased in the synovial fluid in patients with knee osteoarthritis and is associated with severity in osteoarthritis [97] . Collectively, these results suggest that upon diseased condition, CIRP may be released in the extracellular space, which may exacerbate tissue injury through inflammatory response.
In contrast, in mouse embryonic fibroblasts, CIRP-depletion augmented cytokine response to TNF treatment, in which 73 (77%) of 94 cytokine/cytokine receptor genes showed an increased expression [9] . In addition, CIRP deficiency improved cutaneous wound healing in mice by accelerating the inflammatory state and the resolution of inflammation, in which TNF-α mRNA level and neutrophil infiltration in wounded tissues were significantly increased in CIRP −/− mice on day 3, but markedly decreased on day 7, which was followed by earlier phase of tissue formation and improved histological integrity, compared with WT littermates [98] . These results suggest a complex role of CIRP in mediating inflammatory process and may be in a cell-or tissue-specific manner.
CIRP as a possible link connecting inflammation to tumorigenesis
Recently, studies suggest that CIRP plays an important role in linking inflammation to tumogenesis. In murine models of hepatocarcinogenesis induced by chronic treatment with thioacetamide or diethylnitrosamine, CIRP expression was increased in the liver and mainly expressed in liver macrophages called Kupffer cells and isolated Kupffer cells showed increased inflammatory cytokines such as IL-1β and IL-6 [99] . Interestingly, CIRP deficiency significantly decreased these inflammatory factors in isolated Kupffer cells and decreased tumor size and numbers in liver [99] , suggesting that the proinflammatory role of CIRP in Kupffer cells contributed to thioacetamide/diethylnitrosamine-induced hepatocarcinogenesis. In addition, CIRP also plays an important role in colitis-associated cancer [100] . In human colonic muscosa of patients with ulcerative colitis, expression of CIRP correlated significantly with the expression of inflammatory cytokines (TNFa, IL23/IL17), antiapoptotic proteins (Bcl2, Bcl-xl) and stem cell markers (Sox2, Bmi1 and Lgr4) and the expression of CIRP was enhanced in the colonic mucosae of refractory ulcerative colitis. Interestingly, CIRP −/− mice exhibited decreased susceptibility to colonic inflammation induced by dextran sodium sulfate and reduced tumorigenesis in murine colitis-associated cancer model [100] . In addition, transplantation of CIRP −/− bone marrow into WT mice reduced tumorigenesis [100] . These results suggest that CIRP expression is upregulated by chronic inflammation in human and mice, enhances the inflammatory response and tumorigenesis by increasing Bcl2 and Bclx expression and TNF-α and IL23/IL17 production in inflammatory cells. Taken together, CIRP may be a critical mediator in linking inflammation to carcinogenesis.
Conclusion & future perspective
Since first being identified as cold-response protein two decades ago, efforts have been put into elucidating the physiological and pathological biological role of CIRP. Currently, CIRP is widely distributed across almost every cell in mammalian and is a stress responsive protein that is likely contributing to various stress responses differently through a combination of changes in protein levels and nucleocytoplasmic shuttling. Multiple functions of CIRP have been identified via acting either intracellularly or extracellularly. Intracellular CIRP acts as an RNA chaperone, regulating mRNA stability through its binding sits on its targets, or transmit signals through interacting with other signaling proteins, thus regulating cell proliferation, cell survival, apoptosis and circadian rhythm, telomere maintenance and carcinoma progression. In addition, CIRP can be secreted out of cells and extracellular CIRP functions as DAMP that promotes inflammatory response, thus CIRP has been involved in various acute and/or chronic inflammatory diseases. Considering the widespread role in multiple kinds of cancer, CIRP has been regarded as a new oncogene, and has a great potential to be a therapeutic target in cancer treatment. Extracellular CIRP can also be detected in the matrix of several tumors, which raises a question on the role of extracellular CIRP in tumor microenviroment, so further study is needed to define this. The proinflammatory role and the broad involvement, and the apparent protective effects of CIRP blockage with CIRP neutralizing antibody in sepsis and other inflammatory diseases strongly demonstrate a critical role of CIRP in inflammation-related diseases and provide basis for the therapeutic potential of CIRP neutralizing antibody or CIRP-targeting peptide in treating inflammatory diseases. Although we have achieved great success in understanding the role of CIRP in cell biology and diseased conditions, there are still many questions unresolved, such as what is the role of CIRP in chronic inflammatory diseases such as obesity, diabetes and other kinds of diseases. Therefore, elucidating the role of CIRP in these diseases will have a significant impact on our understanding of (patho) physiology of diseases and may provide the rationale for the design of novel therapeutics.
Executive summary
r Cold-inducible RNA-binding protein (CIRP) is a stress-response protein, which is predominantly located in the nucleus and can be subjected to transcriptional regulation, cytoplasmic translocation, post-translational modification or secreted extracellularly upon stress condition. r CIRP exerts its function either through its RNA-binding activity by binding its target genes intracellularly or acts as a secreted damage-associated molecular pattern triggering inflammatory response extracellularly. r The role of CIRP has been implicated in multiple cellular processes such as cell proliferation, cell survival, circadian rhythm, telomere maintenance, tumorigenesis and malignant transformation and the inflammatory processes.
